Introduction
Spinal administration of morphine and related opioid agonists evokes powerful analgesia; however, repeated exposure to these agents induces tolerance, a phenomenon indicated by reduced potency of the agonist (McNaull et al., 2007) . It has long been known that α 2 -adrenoceptor agonists are antinociceptive and can enhance the analgesic effects of morphine (Eisenach et al., 1996; Maze and Tranquilli, 1991; Ossipov et al., 1989) . More recently, the structurally diverse non-selective α 2 -adrenoceptor antagonists atipamezole, yohimbine, mirtazapine, and idazoxan have been shown to augment acute spinal morphine antinociception, block induction of morphine tolerance, and reverse established tolerance when given at ultra-low doses several log units lower than those producing receptor antagonism (Milne et al., 2008) . These effects are reminiscent of those produced by ultra-low doses of the competitive opioid receptor antagonists naltrexone (Powell et al., 2002) and naloxone (Mattioli et al., 2010) . Some of these observations were recently verified when low doses of intrathecal (i.t.) atipamezole were shown to augment the antinociceptive effect of morphine in opioid naïve and tolerant rats (Lilius et al., 2012) .
When administered alone, ultra-low doses of α 2 -adrenoceptor antagonists have delayed but sustained weak antinociceptive actions (Milne et al., 2008) . Ultra-low doses of atipamezole, influencing spinal morphine actions, similarly augment clonidineor norepinephrine-induced antinociception, and inhibit acute tolerance to norepinephrine in the spinal model (Milne et al., the active (þ) but not the inactive ( À ) isomer of the α 2 -adrenoceptor antagonist efaroxan (Milne et al., 2013) . This stereo-selectivity suggests that the observed crossover effects of adrenergic antagonists are specifically mediated via spinal α 2 -adrenoceptors.
Considerable evidence supports the existence of three distinct α 2 -adrenoceptor subtypes (2A, 2B, and 2C) present in the dorsal spinal cord (Fairbanks et al., 2009) , suggesting their potential role in pain modulation. Studies using transgenic mice and pharmacological analyses support a primary role of the α 2A -adrenoceptor in pain mediation, although the α 2C subtype may also modulate nociceptive transmission (Gentili et al., 2007) . In addition, studies in a mouse line expressing a point mutation in the α 2A -adrenoceptor indicate that the α 2A subtype is the primary mediator of α 2 -adrenergic agonist-induced spinal analgesia, and is necessary for analgesic synergy with opioids (Stone et al., 1997) . Given the existence of several α 2 -adrenoceptors, the role they play in pain modulation, and their interaction with morphine in the analgesia model, it is of interest to determine whether any of these receptor subtypes mediate pain modulation in the presence of antagonists in ultra-low doses.
Recent work has shown that BRL44408, an α 2 -adrenoceptor antagonist with high affinity for the α 2A -adrenoceptor, has antidepressant action as well as analgesic-like qualities in a model of visceral pain, suggesting that antagonism of this receptor subtype may present an effective treatment strategy for mood disorders and pain (Dwyer et al., 2010) . Thus, we sought to investigate whether ultra-low doses of this antagonist influence morphineand norepinephrine-induced acute antinociception, and whether it modulates analgesic tolerance to norepinephrine and morphine. In addition, we investigated whether ultra-low dose BRL44408 alone can produce characteristic delayed analgesic actions, and whether its effects are influenced by the repeated nociceptive testing involved in the acute tolerance model.
Material and methods
This study was approved by the Queen's University Animal Care Committee and conducted under Guidelines of the Canadian Council on Animal Care. Male Sprague-Dawley rats (250-300 g) housed on a normal light-dark cycle were implanted with indwelling i.t. catheters (7.5 cm, PE-10) under isoflurane anesthesia (Yaksh and Rudy, 1976) . In each animal, the catheter was inserted through a small slit in the cisterna magna, with the tip terminating at the lumbar enlargement of the spinal cord as in prior experiments (Milne et al., 2011 (Milne et al., , 2008 . Animals had a recovery period of 4-5 days following surgery prior to experimentation. All drugs were injected i.t. via the exteriorized catheter in10 ml volumes with a 10 ml 0.9% saline flush. BRL44408 (Tocris Bioscience, Bristol, United Kingdom), clonidine, norepinephrine (Sigma-Aldrich, St. Louis, MO, USA), morphine (BDH Pharmaceuticals, Toronto, ON, Canada), and atipamezole (Farmos, Turku, Finland) were dissolved in 0.9% saline. Drug combinations were given as one solution after being prepared on the day of experimentation. Analgesia testing was performed between 0800 and 1400 hours with the experimenter being blind to drug treatment. Each animal was used for only one experiment.
In the tail flick test (D'Amour and Smith, 1941) , a thermal stimulus from a light source was applied 5 cm from the tail base using an analgesia meter (Owen et al., 1981) . The light intensity was adjusted to give baseline latencies of 2-3 s and a cutoff time of 10 s in order to prevent tissue damage. In the paw pressure test, mechanical pressure was applied to the dorsal surface of the hindpaw with an inverted air-filled syringe attached to a pressure gauge (Loomis et al., 1987) . A cutoff of 300 mmHg was used in this test, with a baseline of 70-90 mmHg.
Acute analgesia experiments
To determine the antagonistic effects of BRL44408 on analgesia induced by clonidine (an α 2 -adrenoceptor agonist), animals were administered a single injection of clonidine (13.3 mg) or clonidine with a high (antagonist) dose of BRL44408 (16.5 mg), and tail flick and paw pressure responses were assessed for 180 min post-drug injection.
To investigate the effects of ultra-low dose BRL44408 on acute morphine-and norepinephrine-induced analgesia, animals were administered a single injection of morphine (15 mg), morphine plus BRL44408 (1.65 ng), norepinephrine (30 mg), norepinephrine plus BRL44408 (1.65 ng), or BRL44408 (1.65 ng) alone. Tail flick and paw pressure responses were assessed for 180 min post-drug treatment.
Acute tolerance experiments
To determine the effects of ultra-low dose BRL44408 on the development of acute analgesic tolerance to morphine or norepinephrine, animals were administered three repeated injections of either morphine (15 mg), morphine plus BRL44408 (1.65 ng), BRL44408 alone (1.65 ng), norepinephrine alone, (30 mg), norepinephrine plus BRL44408 (1.65 ng), or saline vehicle every 90 min. Tail flick and paw pressure responses were assessed over 4 h. Twenty-four hours following the three repeated drug injections, cumulative dose response curves were performed to assess morphine or norepinephrine potency (ED 50 values). Dose response curves were derived using cumulative doses of 2.5-20 mg in the saline group, 12.5-100 mg in the morphine treatment groups, 15-120 mg in the norepinephrine group, and 3.75-45 mg in the norepinephrine plus BRL44408 group.
Antagonism and limited testing experiments
To determine the potential of an α 2 -adrenoceptor antagonist to influence the actions of BRL44408 alone on antinociception, animals were administered a single injection of BRL44408 (1.65 ng), and tail flick and paw pressure responses were assessed for 180 min. At 180 min, animals were administered a single injection of the α 2 -adrenoceptor antagonist atipamezole (10 mg) or saline vehicle, and responses were assessed again 30 min later (at 210 min).
To determine if the repeated nociceptive testing in the tail flick and paw pressure tests confounded behavioral nociceptive outcomes, two groups of animals were compared following an injection of BRL44408 (1.65 ng) at 0, 90 and 180 min. One group received regular testing every 30 min for 4 h post-injection, while the other group received only limited testing, with responses assessed only at 30 min post-injection and again at 210 and 240 min.
Statistical analyses
Percentage of maximum possible effect (M.P.E.) (%MPE ¼100 Â [postdrug responseÀ baseline response]/[cutoff responseÀ baseline response]) was calculated for the results of both nociceptive tests. Nonlinear regression was used to calculate ED 50 values, and two-way repeated-measure analysis of variance (ANOVA) using time as a within-subject factor and treatment as a between subjects factor was utilized to factor into account the repeated measures design. Time Â treatment interaction tested for longitudinal response pattern differences, and Tukey's post-hoc tests were utilized where appropriate (Milne et al., 2011) . All data are reported as mean 7 S.E.M., and the α level was set to 0.05.
Results

Effects of BRL44408 on clonidine-induced antinociception
Intrathecal clonidine (13.3 mg) increased nociceptive thresholds in both the tail flick and paw pressure assays, with peak effects observed 30 min post-injection in both tests (Fig. 1) . Clonidine had much greater analgesic effects in the tail flick assay compared to those of the paw pressure assay, reaching approximately 85% MPE and 35% MPE, respectively. In both tests, animals treated with clonidine alone returned to baseline response levels by 180 min. Co-administration of BRL44408 (16.5 mg) blocked the analgesic effects of clonidine and responses were significantly lower over the first 60 min in the tail flick test (Po 0.001) and over the first 90 min in the paw pressure test (P o0.001 from 20-50 min, P o0.01 at 60 and 90 min). Two-way ANOVA revealed a significant effect of time (F (8,64) ¼51.24, P o0.001), treatment (F (1, 8) ¼24.79, P o0.01), and interaction (F (8,64) ¼58.99, P o0.001) in the tail flick assay. In the paw pressure test, a significant effect of time (F (8,64) ¼15.17, P o0.001), treatment (F (1,8) ¼ 54.37, Po 0.001), and interaction (F (8,64) ¼8.92, Po0.001) was observed.
Effects of ultra-low dose BRL44408 on acute morphine and norepinephrine antinociception
Intrathecal morphine (15 mg) increased both the thermal latency and mechanical nociceptive threshold, with all animals experiencing nearly 100% MPE in both paradigms with a peak effect at 30 min post-injection ( Fig. 2a and b) . After 30 min, the antinociception decreased steadily over time, and by 180 min responses returned to pre-injection baselines. Co-administration of ultra-low dose BRL44408 (1.65 ng) with morphine resulted in a slightly delayed antinociceptive effect, with animals reaching peak effect around 50 min post-injection in the tail flick assay and 60 min in the paw pressure test. Despite the delayed peak effects, antinociception was prolonged in the animals co-administered ultra-low dose BRL44408 compared to morphine alone, and responses were significantly higher from 60 min onward in both testing paradigms (P o0.001). By 180 min, responses had begun to decrease but were still significantly higher than pre-injection baselines (50-60% MPE), and significantly higher than animals treated with morphine alone. Administration of ultra-low dose BRL44408 alone also produced an increase in nociceptive thresholds, and although the effect was delayed in onset, a significant effect was apparent at 60-80 min post-injection. At 180 min, animals treated with BRL44408 alone had reached nearly 100% MPE in the tail flick test, but only 40% MPE in the paw pressure test. Two-way ANOVA revealed a significant effect of time (F (8,104) ¼7.362, Po 0.001), treatment (F (2,13) ¼4.981, Po 0.001), and interaction (F (16,104) ¼38.42, Po 0.001) for thermal nociceptive testing. In the paw pressure test, a significant effect of time (F (8,104) ¼9.663, Po 0.001), treatment (F (2,13) ¼6.450, Po0.001), and interaction (F (16, 104) ¼29.03, P o0.001) was observed.
Acute i.t. norepinephrine (30 mg) increased both thermal latency and mechanical nociceptive threshold ( Fig. 2c and d) . Peak effects were observed in both cases 30 min post-injection, although norepinephrine was more effective in the tail flick compared to the paw pressure test (approximately 80% MPE vs. 65% MPE, respectively). Animals receiving norepinephrine alone did not produce maximal antinociception in either test. Animals that were co-administered BRL44408 (1.65 ng) with norepinephrine experienced delayed peak analgesia in the tail flick assay, which occurred 60 min post-injection compared to 30 min for norepinephrine alone. The peak effect in the paw pressure test, however, occurred at the same time as it did in animals given norepinephrine alone (30-40 min post-injection). Peak MPE in the tail flick test reached almost 100% in rats co-administered norepinephrine with ultra-low dose BRL44408, and prolonged the antinociceptive effects compared to norepinephrine alone. In the tail flick test, significantly higher %MPE was observed from 50-180 min (all Po 0.05) post-injection in the animals co-administered norepinephrine with ultra-low dose BRL44408 compared to norepinephrine alone. No difference was observed in the paw pressure test in animals co-administered ultra-low dose BRL44408 compared to norepinephrine alone. For norepinephrine ( Fig. 2c and d) , two-way ANOVA revealed significant effects of time (F (8,80) ¼24.49, P o0.001), treatment (F (1,10) ¼ 22.81, Po 0.001), and interaction (F (8,80) ¼ 10.68, P o0.001) in the tail flick test, and significant effects of time (F (8,80) ¼26.21, P o0.001) and interaction (F (8,80) ¼6.552, P o0.001) in the paw pressure test.
Effects of ultra-low dose BRL44408 on the development of acute morphine and norepinephrine tolerance
Repeated injection of morphine (15 mg) produced a significant decrease in thermal latencies indicative of acute tolerance (Fig. 3a) . Compared to morphine alone, animals administered morphine with ultra-low dose BRL44408 had a significantly lower antinociceptive effect at 30 min post-injection (P o0.001), but demonstrated attenuation of the acute opioid antinociceptive tolerance. Co-administration of morphine with ultra-low dose BRL44408 Fig. 1 . Animals were administered a single injection of clonidine (13.3 mg, i.t., n¼ 6) or clonidine with high dose BRL44408 (16.5 mg, i.t., n¼ 4) and tail flick and paw pressure responses were assessed over 180 min to determine the effects of high dose BRL44408 on clonidine antinociception. Intrathecal administration of clonidine alone was analgesic in both nociceptive assays. Co-administration of high dose BRL44408 (16.5 mg) blocked the analgesic effects of clonidine and responses were significantly lower over the first 60 min in the tail flick test (Po 0.001) and over the first 90 min in the paw pressure test (P o 0.001 from 20 to 50 min, P o0.01 at 60 and 90 min). (1.65 ng), however, resulted in significantly higher antinociception (at nearly 100% MPE) from 150-240 min (all Po0.001) compared to morphine alone. In the tail flick test, ultra-low dose BRL44408 administered alone significantly increased thermal nociceptive thresholds beginning 90 min post-injection. Similar effects were observed in the paw pressure test, with the first injection of morphine alone producing 100% MPE but decreasing over time and following repeated injections as tolerance developed. At the end of the time course (240 min), animals that had received morphine alone were not experiencing any analgesia, and their responses were not significantly different from the responses of the saline-treated controls. The decline in morphine-induced antinociception was significantly attenuated by co-administration of ultralow dose BRL44408. As in the tail flick test, BRL44408 alone increased mechanical nociceptive thresholds in the paw pressure assay, but the effects were delayed. At 240 min post-injection, paw pressure responses in animals given an ultra-low dose of BRL44408 alone were not different from those in animals co-administered morphine with ultra-low dose BRL44408. A two-way ANOVA revealed significant effects of time (F (7,133) Assessment of morphine potency 24 h following the acute tolerance paradigm revealed a rightward shift in the dose response curves in the animals that had been repeatedly treated with morphine compared to those treated with saline. Ultra-low dose BRL44408 prevented the rightward shift in morphine dose response curve in both the tail flick (Fig. 3c ) and paw pressure (Fig. 3d) assays. Calculation of morphine ED 50 from the dose response curves revealed that animals that had received morphine alone had significantly higher ED 50 values in both the tail flick and paw pressure tests compared to animals that had received saline, morphine with ultra-low dose BRL44408, or BRL44408 alone (P o0.001 for all three), suggesting that ultra-low dose BRL44408 prevented the decline in morphine potency (Fig. 5a ). There was no difference in morphine ED 50 values between morphine plus ultra-low dose BRL44408, BRL44408 alone, or saline in either test, and values for all groups were similar in both tests (Fig. 5a) .
Acute antinociceptive tolerance to repeated norepinephrine injections (30 mg) was observed in both the tail flick and paw pressure tests (Fig. 4a and b) . After the first injection of norepinephrine, thermal latencies increased to 80% MPE and mechanical thresholds increased to 50-60% MPE, with peak effect observed 30 min post-injection. Co-administration of norepinephrine with ultra-low dose BRL44408 (1.65 ng) attenuated the development of Fig. 2 . Effects of ultra-low dose BRL44408 on acute morphine and norepinephrine (NE) antinociception. Morphine administration was analgesic in both the tail flick and paw pressure tests (a, b) (n¼4). Co-administration of ultra-low dose BRL44408 with morphine (n¼9) resulted in delayed analgesia with a peak effect slightly lower than the morphine only group. Analgesia was prolonged in the animals co-administered ultra-low dose BRL44408 compared to morphine alone and responses were significantly higher from 60 min onward (Po 0.001). Administration of ultra-low dose BRL44408 alone demonstrated delayed and increasing analgesia over the time. At 180 min, animals treated with BRL44408 alone (n ¼3) had reached nearly 100% MPE in the tail flick but only around 40% MPE in the paw pressure test, both of which were significantly higher than morphine treated animals (P o0.001 and Po 0.05 respectively). nnn indicates significant difference compared to morphine alone. ϕϕϕ indicates significant difference compared to ULD BRL alone. Two-way ANOVA revealed a significant effect of time (F (8,104) Acute intrathecal norepinephrine (30 mg) was analgesic in both the tail and paw pressure tests (c, d) (n¼ 7). Animals co-administered ultra-low dose BRL44408 (1.65 ng, n¼ 5) with norepinephrine experienced delayed peak analgesia in the tail flick assay compared to norepinephrine alone. Peak effect in the paw pressure test, however, occurred at the same time as norepinephrine alone. Peak %MPE in the tail flick test reached almost 100% in the rats co-administered norepinephrine with ultra-low dose BRL44408 and animals were still experiencing significant analgesia even 180 min post-injection, whereas animals receiving norepinephrine alone were not. In the tail flick test, significantly higher %MPE was observed at 50 (Po 0.05), 60 (P o 0.001), 90 (P o0.01), 120 (Po 0.001), 150 (Po 0.001), and 180 (Po 0.001) min post-injection in the animals co-administered norepinephrine with ultra-low dose BRL44408 compared to norepinephrine alone. No difference was observed in the paw pressure test in animals co-administered ultra-low dose BRL44408 compared to norepinephrine alone. For norepinephrine (c, d), two-way ANOVA revealed significant effects of time (F (8,80) acute tolerance to norepinephrine in both the tail flick and paw pressure tests. Thermal latencies were significantly higher in animals co-administered ultra-low dose BRL44408 compared to norepinephrine alone (60-240 min, all P o0.05). Similarly, in the paw pressure test, co-administration of ultra-low dose BRL44408 with norepinephrine compared to norepinephrine alone resulted in significantly higher nociceptive thresholds from 120-240 min (all Po 0.001). In the tail flick test, statistical analysis by two-way ANOVA revealed a significant effect of time (F (7,77) ¼16.16, P o0.001), treatment (F (1,11) ¼169.8, Po 0.001), and interaction (F (7,77) ¼13.73, P o0.001). In the paw pressure test, a significant effect of time (F (7,77) ¼12.30, P o0.001), treatment (F (1,11) ¼39.61, P o0.001), and interaction (F (7,77) ¼20.05, P o0.001) was observed. Norepinephrine dose-response curves, assessed 24 h following the acute tolerance paradigm, revealed a leftward shift in the curves of the animals that had received norepinephrine with ultralow dose BRL44408 (1.65 ng) on day one compared to norepinephrine alone in both the tail flick and paw pressure tests ( Fig. 4c  and d) . Calculating the ED 50 from the dose response curves (Fig. 5b) showed that animals treated with norepinephrine and ultra-low dose BRL44408 on day one had ED 50 values nearly seven-fold lower than those treated with norepinephrine alone on day one (approximately 5 mg i.t. compared to 35 mg i.t., respectively, Po 0.001) in the tail flick test, and around 50% lower in the paw pressure test (20 mg i.t. compared to 45 mg i.t., respectively, P o0.001).
3.4. Effects of the α 2 -adrenoceptor antagonist atipamezole on ultra-low dose BRL44408 antinociception BRL44408 antinociception peaked at 180 min post-injection in both the tail flick and paw pressure tests (Fig. 6 ). At this time point, animals were injected with either saline or atipamezole (10 mg). Following injection of the antagonist, there was a significant decrease in BRL44408 antinociception in both the tail flick and paw pressure tests compared to saline controls (P o0.001). However, the reversal was only partial in both tests, atipamezole reducing %MPE by approximately 20% in the tail flick test and by approximately 30% in the paw pressure test. The BRL44408 antinociception continued to increase in the control animals that were injected with saline at 180 min. Two-way ANOVA revealed significant effects of time (F (9,198) ¼ 701.0, Po0.001), treatment (F (3,22) ¼ 3.246, Po0.05), and interaction (F (27, 198) ¼7.422, Po0.001).
In the paw pressure test, a significant effect of time (F (9,189) ¼435.1, Po0.001) and interaction (F (27,189) ¼12.49, Po0.001) was observed. Fig. 3 . Effects of ultra-low dose BRL44408 on the development of acute morphine (Mor) tolerance and cumulative dose response curves (DRC) 24 h following acute tolerance testing. Drugs were injected at 0, 90 and 180 min to induce tolerance (a, b). Compared to morphine alone (n¼ 4), animals co-administered morphine with ultra-low dose BRL44408 (n ¼4) displayed a delayed effect early on and the antinociception was significantly lower at 30 min than morphine alone (Po 0.001), but higher than BRL44408 alone (Po 0.001, n¼ 9), and there was no difference in %MPE at 60 or 90 min compared to morphine alone. After the second injection of morphine with ultra-low dose BRL44408, attenuation of the development of acute opioid tolerance was observed and the antinociception increased steadily over the remainder of the time course. Co-administration of morphine with ultra-low dose BRL44408 resulted in significantly higher antinociception (at nearly 100% MPE) at 150, 180, 210 and 240 min (Po 0.001 for all those time points) compared to morphine alone. In the tail flick and paw pressure tests, ultra-low dose BRL44408 administered alone demonstrated delayed sustained analgesia. nnn indicates significant difference compared to morphine alone. ϕϕϕ indicates significant difference compared to ULD BRL alone. Two-way ANOVA revealed significant effects of time (F (7,133) Assessing morphine potency 24 h later revealed a leftward shift in the dose response curves in the animals that had been previously treated with ultra-low dose BRL44408 (1.65 ng) alone or morphine plus ultra-low dose BRL44408 compared to morphine alone in both the tail flick (c) and paw pressure (d) assays.
Effects of repeated vs. limited testing on ultra-low dose BRL44408 antinociception
There was no significant difference at any time point between the repeated or limited testing groups in either the tail flick (Fig. 7a) or paw pressure (Fig. 7b) test. For both testing paradigms, BLR44408 significantly increased thermal and mechanical nociceptive thresholds throughout the entire testing period and did not show evidence of decline at 240 min. Assessing morphine potency 24 h following injection of BRL44408 for repeated and limited testing (Fig. 7c) revealed that there was no difference in the morphine ED 50 values for either the regular or limited testing groups that had received ultra-low dose BRL44408 the previous day.
Discussion
Previous studies from our laboratory have provided evidence that extremely low doses of several non-selective α 2 -adrenoceptor antagonists, well below those producing the adrenoceptor blockade, can augment spinal morphine antinociception and inhibit the development of tolerance (Milne et al., 2008) . Such effects of low dose antagonists also extend to the acute antinociception and tolerance produced by the spinal injections of the α 2 -adrenoceptor agonists clonidine or norepinephrine (Milne et al., 2011) . These actions of the adrenoceptor antagonists on morphine-induced responses thus parallel the previously documented actions of ultra-low dose competitive opioid receptor antagonists, such as naltrexone (McNaull et al., 2007; Powell et al., 2002) and naloxone (Mattioli et al., 2014 (Mattioli et al., , 2010 . While the mechanisms underlying the crossover effects of the adrenergic antagonists on opioid agonistinduced responses remain unclear, they are not without precedence. Similar effects have been observed in other models, most notably in the peripheral nociception model (Aley and Levine, 1997) . The effects observed in the spinal model used in the present study apparently involve a specific interaction of antagonists with the spinal α 2 -adrenoceptors, since extremely low doses of the enantiomers of efaroxan, a non-selective α 2 -adrenoceptor antagonist, have recently been reported to exhibit a stereo-selective enhancement of morphine antinociception and inhibition of acute tolerance to repeated doses of i.t. morphine (Milne et al., 2013) . Since all the antagonists tested in previous experiments are known to be non-selective α 2 -adrenoceptor ligands, the nature of the α 2 -adrenoceptor subtype mediating their unusual pro-opioid actions at the spinal level remains unclear. The availability of BRL44408, a receptor antagonist that is highly selective for the α 2A -adrenoceptor type (Young et al., 1989) , prompted us to determine in the present Fig. 4 . Effects of ultra-low dose BRL 44408 on the development of acute norepinephrine (NE) tolerance and cumulative dose response curves (DRC) 24 h after acute tolerance testing. Acute tolerance to repeated norepinephrine injections (arrows) was observed in both the tail flick and paw pressure tests (a, b) (n¼ 8). Compared to norepinephrine alone, co-administration of norepinephrine with ultra-low dose BRL44408 (1.65 ng, n ¼5) completely attenuated the development of acute tolerance to norepinephrine. Thermal response thresholds were significantly higher in animals co-administered ultra-low dose BRL44408 compared to norepinephrine alone at 60 (P o 0.001), 90 (Po 0.001), 120 (P o 0.05), 150 (Po 0.001), 180 (Po 0.001), 210 (Po 0.001) and 240 (Po 0.001) min. Similarly, in the paw pressure test co-administration of ultra-low dose BRL44408 with norepinephrine compared to norepinephrine alone resulted in significantly higher response thresholds at 120 (P o0.001), 150 (P o 0.001), 180 (P o 0.001), 210 (P o 0.001) and 240 (P o 0.001) min. Unlike norepinephrine alone, %MPE did not decrease following repeated injections in the animals co-administered ultra-low dose BRL4408, but the peak effect increased after each subsequent injection in both tail flick and paw pressure tests. In the tail flick test, statistical analysis by two-way ANOVA revealed a significant effect of time (F (7,77) ¼16.16, Po 0.001) was observed. Plotting the norepinephrine dose-response curves 24 h later revealed a leftward shift in the curves of the animals that had received on day one norepinephrine with ultra-low dose BRL44408 (1.65 ng) compared to norepinephrine alone in both the tail flick and paw pressure tests (c, d). study whether this receptor has a role in expression of the low dose effects of antagonists on the antinociception and acute tolerance produced by the spinal administration of morphine or norepinephrine.
The present study established that i.t. BRL44408 behaves as an α 2 -adrenergic antagonist since at a higher dose it effectively blocked the antinociceptive actions of clonidine. However, when administered at an ultra-low dose, BRL44408 effectively prolonged morphine antinociception in tests of thermal and mechanical nociception, and inhibited the acute morphine tolerance produced by three successive maximal doses of spinal morphine. The action of BRL44408 on morphine tolerance was reflected in: a) a significant attenuation of the progressive decline of the peak pharmacological response, and b) a marked inhibition of the agonist potency loss, as evidenced by a significant increase in the morphine ED 50 values derived from the dose-response curves obtained 24 h post-drug treatment. The results of this study also showed low dose BRL44408 to exert similar effects on the responses produced by i.t. norepinephrine, although in this case its action on antinociception was significant only in the tail flick test. As observed in our previous work (Milne et al., 2013) , the paw pressure test demonstrated reduced sensitivity to the spinal actions of adrenergic agonists when compared with the effectiveness of morphine, and this factor might partly contribute to the poor actions of BRL44408 observed in this test. However, this discrepancy notwithstanding the ability of BRL44408 to largely replicate the effects of non-selective adrenoceptor antagonists observed in earlier studies (Milne et al., 2013 (Milne et al., , 2008 suggests that the α 2A -adrenoceptor subtype in the spinal cord likely plays a major role in expression of the modulatory actions of such antagonists on opioid antinociception and tolerance. Consistent with the actions of non-selective antagonists, the ultra-low dose of BRL44408 in the present study showed intrinsic activity, eliciting a slowly developing antinociceptive response that attained peak levels towards the end of the 240 min testing period. However, in contrast with the low level response produced by non-selective antagonists (Milne et al., 2008) , BRL44408 produced a stronger response that reached a near maximal value in the tail flick test. The basis of this incremental response over the test period remains unclear. We sought to determine if the application of a repeated test stimulus, entailed in derivation of the time-response relationship of the drug effect over a 240 min period, could be a factor in the production of this antinociceptive effect. Such application of a repeated test stimulus could lead to a local release of endogenous factors (for example, opioid or adrenergic transmitters), and the ultra-low dose of BRL44408 might augment their action to yield an antinociceptive response. Thus, the action of BRL44408 was re-examined using only limited Fig. 5 . Morphine (Mor) and norepinephrine (NE) ED 50 values following acute tolerance testing. Calculation of morphine ED 50 from the dose response curves revealed that animals that had received morphine alone on day one had significantly higher ED 50 values in both the tail flick and paw pressure tests compared to animals that had received morphine with ultra-low dose (ULD) BRL44408 or BRL44408 alone on day one ( nnn Po 0.001, a). There was no difference in morphine ED 50 values between morphine plus ultra-low dose BRL44408 or BRL44408 alone in either test (a). Calculating the ED 50 from the dose response curves (b) showed that animals treated with norepinephrine and ultra-low dose BRL44408 on day one had ED 50 values nearly seven-fold lower than those treated with norepinephrine alone on day one (approximately 5 mg, i.t. compared to 35 mg, i.t. respectively, nnn P o 0.001) in the tail flick test, and around 50% lower in the paw pressure test (20 mg, i.t. compared to 45 mg, i.t. respectively, nnn Po 0.001). ED 50 values for both groups were significantly lower in the tail flick compared to the paw pressure test. Fig. 6 . Effects of the α 2 -adrenergic antagonist atipamezole (Atipam) on ultra-low dose BRL44408 antinociception. BRL44408 (1.65 ng, given at time zero) antinociception increased steadily, and at 180 min, just prior to antagonist (n¼ 7) or saline (arrow, n¼ 4) administration, there was no difference in BRL44408 antinociception in either of the groups. Following injection of atipamezole there was a significant decrease in BRL44408 antinociception in both the tail flick and paw pressure tests (P o0.001 compared to saline). Two-way ANOVA revealed significant effects of time (F (9,198) ¼701.0, nociceptive testing. Interestingly, the timing of the stimulus completely failed to influence the action of BRL44408, suggesting that repeated stimulation was not a contributory factor in the intrinsic activity of BRL44408. Also, neither mode of stimulation influenced the potency of morphine determined 24 h after the low dose BRL44408 treatment. This suggests that the specific mode of stimulation is an unlikely factor in the intrinsic actions of BRL44408. We also considered that such actions of BRL44408 may originate from its interaction with α 2A -adrenoceptors, either via a direct action on the receptor or via an indirect release of norepinephrine from terminals of the noradrenergic neurons (Umeda et al., 1997) . This possibility was suggested by the observation that the antinociceptive action of BRL44408 alone, like those of the adrenergic agonists (clonidine and norepinephrine), was weaker in the paw pressure than in the tail flick test. Indeed, administration of the non-selective antagonist atipemazole, at a dose shown to produce adrenergic receptor blockade in analgesia tests (Milne et al., 2008) , partially reversed the delayed antinociceptive action of BRL44408 in both tests. However, the reversal of BRL44408 action was incomplete, suggesting that some other factors also contribute to its origin. Thus, analysis of its action merits exploration in future tests. Although BRL44408 can elicit analgesic-like activity in the visceral nociception model (Dwyer et al., 2010) , its action has been attributed to blockade of the α 2A -adrenoceptor. In the current study the ultra-low dose BRL44408 did not produce such blockade, as evident by its inability to antagonize the norepinephrine-induced responses. An interesting question raised by the intrinsic actions of BRL44408 is whether its additivity or synergy with morphine is the basis of its pro-opioid actions. While this possibility cannot be excluded in the acute antinociception experiments, it is unlikely to explain BRL44408 effects on the development of tolerance, especially its ability to influence the loss of agonist potency, a hallmark indicator of this phenomenon. As indicated, low dose BRL44408 produced a strong inhibition of the loss of morphine potency, the estimates of which were made 24 h after the drug treatment, a time point at which BRL44408 is likely to be absent from the spinal space. Thus, it would appear that BRL44408 likely induces a change in the processes that contribute to the genesis of tolerance in response to repeated opioid agonist exposure.
While it is known that the α 2A -adrenoceptor subtype is the primary mediator of α 2 spinal analgesia, and is necessary for analgesia synergy with opioids (Stone et al., 1997) , the mechanism of action of the α 2A -adrenoceptor antagonist BRL44408 on morphine antinociception and tolerance is unknown. Considering the co-localization of α 2 -adrenoceptors and opioid receptors in the spinal cord (Jordan et al., 2003) , it is likely that conformational cross-talk between α 2A -adrenergic and m opioid receptors controlling cell signaling with the G protein-coupled receptor heterodimers may facilitate these changes (Vilardaga et al., 2008) . Other possibilities include the ability of these α 2 -adrenoceptor antagonists to counteract the stimulatory hyperalgesic-like responses of opioid agonists Shen, 2000, 1995; Milne et al., 2013) , or to influence glial activation since ultra-low doses of the opioid antagonist naltrexone affect activation of glia by morphine (Mattioli et al., 2010) . Similarly, prolonged spinal delivery of the α 2 -adrenoceptor agonists such as clonidine, resulting in loss of the antinociceptive response, produces a hyperalgesic thermal hypersensitivity (Quartilho et al., 2004) and thus BRL44408 may be acting to influence this response.
Conclusion
In summary, ultra-low doses of BRL44408 were found to significantly augment acute morphine and norepinephrine analgesia, and to inhibit the loss of drug potency from repeated exposure, implicating involvement of the α 2A -adrenoceptor in the action of low-dose α 2 -adrenoceptor antagonists on morphine and norepinephrine antinociception and tolerance. BRL44408 produces significant analgesia that is unrelated to testing frequency and is only partially dependent on its interaction with α 2 -adrenoceptors, Fig. 7 . Effects of regular vs. limited testing on ultra-low dose BRL44408 antinociception. Animals received a single injection of BRL 44408 (1.65 ng) at time zero and had antinociception testing every 30 min (regular) for 4 h or limited testing at 30, 210 and 240 min post-injection. There was no significant difference at any time point for either the regular (n¼4) or limited (n¼ 5) testing group in either the tail flick (a) or paw pressure (b) assay. Assessing morphine potency 24 h later (c), there was no difference in the morphine ED 50 values for either the regular or limited testing groups that had received ultra-low dose BRL44408 the previous day, either in the tail flick or paw pressure tests.
suggesting that this agent class may be potentially useful in the treatment of pain.
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